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STHE MICROWAVE SPECTRUM AND STRUCTURE OF BENZONITRILE*

LU
Y .. j David R. Lide, Jr.

LA_ Department of Chemistry, Harvard University,
Cambridge, Mass.

C/1) Abstract

The rotational spectrum of benzonitrile has been studied

in the one-centimeter region, and approximately twenty absorp-

tion lines have been fitted to the rigid asymmetric-rotor theory.

The principal moments of inertia are 89.370, 326.740, and

416.183 AU R2. The evidence indicates a planar symmetric

structure with ring dimensions essentially the same as in

benzene. The dipole moment is 4.I4 + 0.05 Debye units.

Since the addition of a CN group to the benzene ring results in a fairly

long, rod-like molecule, the rotational spectrum of benzonitrile is expected

to be characteristic of a near-prolate symmetric rotor with dipole moment in

the small inertial axis. The principal transitions of such a rotor are of

the type J,K---J+l, K, where K is the quantum number of the limiting prolate

symmetric rotor. While each transition of given J would appear as a single

line in the limiting symmetric case, the molecular asymmetry produces a

(2J+l)-fold splitting, corresponding to the various possible values of K'.

The research reported in this paper was made possible by support extended
Harvard University by the Office of Naval Research Udnder ONR Contract -

N5ori-76, Task Order V.
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These 2J+l lines will be grouped ix*.'. . ': .Arai frequency given by (btc)(J+l),

and it can be shcwn that t.he lixe5 of higher K will converge toward this central

frequency in a regular manner. It is thus predicted that the benzonitrile

spectrum will consist of a series of bands in which suciessive band-heads are

separated by roughly equal frequency intervals. There is, of course, nothing

to prevent the overlapping of adjacent bands.

The microwave spectrum has been obserre.l on a commercial sample of benzo-

nitrile which had been distilled &nd dried over calcium sulfate. The spectrum

was found to be quite rich, but the lines were extremely broad and seemed

surprisingly weak, in view of The large reported dipole moment. An extended

search revealed several regions of very dense abosrption separated by inter-

vals of about 2800 mc. These regions were assigned as band-heads of high

K-values, although they act:alIy tontained far more individual lines than

could be expected from a .£ngle rigld rotor. On the basis of this framework,

however, it was possible to p!'.k out, the lianes of K = 0, 1, and 2, which are

shifted far away from the band-heads and can thus be chosen with less ambig-

uity. In this way an assigiment consistent with the rigid asymmetric-rotor

theory was arrived at. A set of rot.tlonal constants was calculated which

gave a good fit for some twenty-odd lines of the J = 6---7, 7-48, and 8-->9

systems. The agreement of all the calculated and observed frequencies within

a few hundred kilocycles (which is not much greater than the uncertainty

in frequency measurements) Is adequate evidence for the assignment. The

close agreement further indicates that centrifugal distortion is negligible,

as is to be expected in such a heavy molecule. The rotational constants used

in the assignment are given in Table I, and in Table II the assigned trans-

itions are listed. While many additional lines could certainly be assigned,

I
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there seems little point in further experimental and zomputatf-onal labor.

Attempts to study the Stark effect of benzonitrile encountered a number

of difficulties. In addit.!on to the large line breadths and highly cluttered

spectrum, intensity considerations made it necessary to work with lines of

high J-values, which increased the difficulties with resolution. It was pos-

sible, however, to obtain a partial resolution of the Stark effects of a few

favorable lines. A detailed analysis was made on the 725 --- 826 transition

at 23,111.1 mc. The necessary direction-coslne matrix elements were calculated

by approximating the asymmetric-rotor wave functions with elliptic cylinder
1

functions. It is interesting to note that a significant contribution to the

1 S. Golden, J. Chem. Phys. 2.6, 78 (194-5).

Stark effect of this transition comes from the interaction of the nearly

degenerate 725 - 808 and 8-,- 90 pairs. While such levels with K-values

differing by two cannot lrtera t in the symmetric limit, there is sufficient

asymmetry in this molecule (X(= -0.85C) to permit an appreciable interaction.

The dipole moment determined from this Stark effect is 4.14 + 0.05 Debye units.

This value falls at the top of the rather wide range (3.61 to 4.14) of some
2

two dozen reported measurements by the solution method; a previous measure-

ment in the vapor state gave a.39. It is felt that the Stark effect should

2 Everard, Kumar, and Sutton, J. Chem. Soc. 1951, 2807.

give the most reliable value, since all difficulties with molecular association

are eliminated.

While a great mauj isotopic species would be required to give a complete

determination of the structure of benzonitrile, a certain amount of informa-

tion can be drawn from the present data on the common species. First, the

A



4

expected planarity of the molecule .s uonf!r.ed by the smallness of the
inertial defecT fI - I -. '3). .furtherrLcre, tl ,, presence of a two-

i I a b "

fold axis (and hence, almost c.rtal y, of C2Ov symmetry) was demonstrated by

observing the intensity alternation which results from the proton nuclear

spins. If two pairs of protons can be exchanged by a 180 rctation about the

small inertial axis, then the lines of even K will be enhanced over those of

odd K by a factor of 10:6. An int.nsity aleruaticn of this magnitude was

found in the benzonitrile spectrum.

Since benzonitrile has been shown to have a planar symmetric structure

the moment of inertia about the symmetry axis should be comparable to the

appropriate moment of benzene. The value of Ia determined here agrees quite

closely with the benzene moment of 88.95 as determined from the rotational

raman spectrum,3 it seems likely, then, that the addition of the CN group

B. Stoicheff, J. Chem. Phys. 21, 1410 (1953).

causes no significant distortion of the ring dimensions. Thus if we assume

hexagonal symmetry for the ring and a C-H distance of 1.080 1, the value of

I leads to a C-C distance in the ring of 1.402 R. If it is further assumeda

that the C-N distance is 1.158 R (the value found in several similar -CN

compounds ) then the remaining experimental moment fixes the C-C single-bond

Bond distances are taken from Gordy, Smith, and Trambarulo, Microwave

Spectroscopy, p. 371 (John Wiley & Sons, New York, 1953).

distance as 1.419 R. The decrease from the normal single-bond distance is

clearly due to resonance between the C-N triple bond and the ring, which tends

to increase the bond order of the intervening C-C bond. In fact, the length

of this bond In C6H5-CN falls in a logical position between the corresponding

lengths in ( c-c (l.46o) and HCC-C. (1.382).
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Two further points should be mentioned. The unusual line widths in

benzonitrile (at least 2 mc. under the best experimental conditions) imply

a very large collision cross section. In fact, rough measurements indicate

an effective collision diameter of from 40 to 60 R. While this diameter is

much greater than normally enzountered in microwave work, it is not too

surprising when both the large phvsizal size and the very high dipole moment

of benzonitrile are taken Into consideratzon. It should be noted that for

the transitions studied here the calculated interaction of the nitrogen

quadrupole moment results in a splitting of only about 0.05 mc., and thus

makes a negligible contributlon to the broadening.

Only about one-quarter of the observed lines were actually assigned,

although these included all the strong lines. It is probable that the majority

of the remaining lines are Jue to mclecules in excited vibrational states.

While there is little avallable vibrational data on benzonitrile, it seems

likely that three or four fundamentals will be below 500 cm" , and at room

temperature the population of each of these states will be ten percent or

more of the ground state. Since each of these states will have a rotational

spectrum which is as rich as the ground state, the number of observed lines

seems a reasonable order of magnitude. Although an effort was made to find

regularities among the unassigned lines, the spectrum was too dense to permit

any progress in this direction.

|I
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Table I. Paramreters of benzonitrile

b - c = 332.45 me-

b + c - 2761.30

1
a -,~ + 0)- 4274.7

'a =89.370 .v

Ib = 326.740

Ic=416.183



Table II. Assigned lines in benzonitrile

Transition Calculated Frequency Observed Frequency

625__*726 19,179.4 mc. 19,179.5 mc.

661---l 762} 19,383.4 19,383.5

666---761)

65f---> 53 19,397.9 19,398.1

6 5f--97 52_

6 43 -- 7441

6 42 -74 3  
19,425.6 

1,426.0

6 3'T 735 19,448.9 19,449.2

633---, 734 19,535.4 19,534.8

624_)725 20,096.2 20,096.3

615__>1716 20,193.1 20,193.7

717__818 20,453.2 20,453.3

7 07 -708 20,828.6 20,829.0

726 --4827 21,856.3 21,856.4

762-*86}. 22,163.5 22,163.1

,i 76f--"862
753 -- 854{ 22,185.2 22,184.7

818--) 919 22,938.1 22,937.9

716-->817 22,943.8 22,943.7

725 --8 26 23,111.2 23,111. 1



g izm

Table II. (continued)

Transition Calculated Frequency Observed Frequency

808-3,909 23,228.1 MC. 23,227.9 MC-

8 27 --- 928 24,509.9 24,509.3

872 97 24,929.9 24,929.1

871 0 972 J

86,-* 964 24,948.1 24,948.7
8627-) 963j

8 5 __- 55 24,978.9 24,978.6

8 36 ~946 25,033.0 25,032.7
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